We have combined high-resolution two-dimensional (2-D) gel electrophoresis and mass spectrometry with the aim of identifying proteins represented in the 2-D gel database of the wing imaginal discs of Drosophila melanogaster. First, we obtained a high-resolution 2-D gel pattern of [ 35 S]methionine 1 [ 35 S]cysteine-labeled polypeptides of Schneider cells, a permanent cell line of Drosophila embryonic origin, and compared it with the standard pattern of polypeptides of the wing imaginal disc. These studies reveal qualitative and quantitative differences between the two samples, but have more than 600 polypeptides in common. Second, we carried out preparative 2-D polyacrylamide gel electrophoresis using Schneider cells mixed with radioactively labeled wing imaginal discs in order to isolate some of the shared polypeptides and characterize them bý matrix-assisted laser desorption/ionization-time of flight MALDI-TOF analysis. Using this strategy we identified 100 shared proteins represented in the database, and in each case confirmed their identity by MALDI-TOF/TOF analysis.
Introduction
The generation of form in biological systems remains a challenging problem. Since the pioneering studies of Thomas H. Morgan and his coworkers begun in 1908, Drosophila melanogaster, has constituted one of the most powerful developmental model systems. The most important of its advantages are: ease of culturing, short generation time, small genome (about 1.6610 8 base pairs of DNA per haploid genome, now fully sequenced), low chromosome number (n = 4), presence of polytene chromosomes, and 90 years of accumulated genetic knowledge.
The structures on the surface of the adult Drosophila fly (such as wings, legs and antennae) are ideal for investigating the processes underlying morphogenesis. These structures are not formed from differentiated larval cells but rather from small groups of proliferating but relatively undifferentiated cells called imaginal discs [1] . These provide a favorable system for analyzing the mechanisms controlling developmental cell proliferation and the genetic control of pattern, because of the separation in time between cell proliferation and differentiation, and the facility with which controlling genes can be identified and characterized. The 19 imaginal discs (9 pairs and 1 fused genital discs) are set aside very early in embryogenesis, and each is committed to a particular developmental pathway (e.g., left wing or right wing, left eye or right eye, etc.). The imaginal discs remain in a relatively undifferentiated state near the surface of the larvae until changing hormonal levels during pupation cause them to differentiate and undergo morphogenesis [2] . Detailed fate maps have been established for the different imaginal discs [3] .
Imaginal discs have a simple histological structure consisting mainly of a single layer of cells forming a sac, connected to the larval epidermis by a stalk. The cells of the imaginal discs divide continuously during larval development. For example, the wing imaginal discs develop from a few cells until, at maturity, they contain about 50 000 cells [4] . At metamorphosis, the discs evaginate, expand, and replace the larval epidermis, which undergoes programmed death. Thus the control of cell multiplication can be studied in the absence of complications due to simultaneous overt differentiation such as occurs in most vertebrate tissues.
We use 2-DE to analyze aspects of the development, morphogenesis and genetic variation of the wing imaginal disc of Drosophila [5] . Improvements in separation, as well as in labeling technique, have made it possible to resolve more than a thousand [ 35 S]methionine 1 [ 35 S]cysteine-labeled polypeptides from a single imaginal disc. We have constructed a quantitative protein database used as reference to detect changes in gene expression related to tissue type [6] , stage of development [7] , or genetic lesion [8] . However, the key to interpreting the data obtained by such analysis is the ability to identify (and characterize) the proteins of interest.
Since the amount of protein derived from wing imaginal discs is very limited, we have turned to the permanent Schneider cell line that was derived from Drosophila embryos. The goals of the experiments reported here were twofold: first to compare the pattern of proteins synthesized in wing imaginal discs and in Schneider cells; second, to explore the possibility of using proteins from the Schneider cells, purified via a limited number of preparative 2-D gels, to identify the corresponding proteins in wing imaginal discs. For this purpose we have started a systematic MALDI-TOF analysis that has permitted us to identify many proteins, some already known, others novel. We present the analysis of one hundred such proteins in this study.
Materials and methods

Fly strains and cell culture
Laboratory stocks of wild-type D. melanogaster (strain Vallecas Spain) were used.
We used the established cell line designated Schneider, of D. melanogaster. The cells were grown in bottles (25 cm 2 ) in 20 mL of M3 medium supplemented with 5% foetal bovine serum. For labeling, they were incubated for 120 min in 300 mL of methionine-and cysteine-free medium with 300 mCi [ 35 S]methionine 1 [ 35 S]cysteine (SJQ 0079; Amersham, Little Chalfont, UK). At the end of the labeling period, the medium was removed and the cells were resuspended in 100 mL of lysis buffer and stored at 2707C.
Sample preparation
Imaginal discs were dissected from mature larvae (about 0-4 h before puparium formation) using a fibre optic light source to prevent heating of the tissue. Dissections was carried out in buffered Ringer's solution (10 mM Trizma base; 95 mM NaCl; 3 mM CaCl 2 ; 3 mM KCl, adjusted to pH 7.0) freshly made up and filtered through a 0.22 mm filter. As a rule we used 10 imaginal discs in each labeling experiment. The dissected discs were placed in 100 mL of buffered Ring-er's solution in a well of a Microtest II tissue culture plate (Falcon No 3042; Becton Dickinson, France) and incubated for 60 min in 80 mL of Ringer's solution containing 80 mCi of [ 35 S]methionine 1 [ 35 S]cysteine at 257C. Following incubation, the medium was removed and the discs resuspended in 100 mL of lysis buffer.
Two-dimensional gel electrophoresis
Analytical 2-DE was performed as described by O'Farrell [9, 10] with some modifications [11] . Briefly, the first dimension for resolving acidic proteins (IEF) was performed on 23062.3 mm 4% w/v polyacrylamide gels containing 2% carrier ampholytes (1.6% pH 5-7; 0.4%, pH 3.5-10) at 1200 V for 20 h. Basic proteins (NEPHGE) were resolved on 15062.3 mm 4% w/v polyacrylamide gels containing 2% carrier ampholytes (1% pH 7-9; 1% pH 8-9.5) at 400 V for 4.5 h. The second dimension employed a 15% polyacrylamide gel (24624 cm) run overnight at 187C. The gels were processed for fluorography [12] , dried, and exposed at 2707C for varying periods (4, 24, 96 and 240 h). Approximately 10 6 TCA-precipitable cpm [ 35 S]methionine 1 [ 35 S]cysteine were routinely applied to each gel. For preparative gels we used proteins prepared from 2 mL of Schneider cultures. The cell suspension was centrifuged and the cells were sonicated, treated with DNase and RNase [13] , and passed several times through a narrow gauge needle. The sample was then lyophilized and resuspended in 2 mL of lysis buffer. Gels were stained with Coomassie Brilliant Blue and silver nitrate.
Computer analysis of 2-D patterns
The fluorograms were digitized at 1766176 mm resolution with a GS-800 calibrated densitometer Bio-Rad, and the resulting 2-D images merged and analyzed with PDQUEST  software (V. 5.1; Bio-Rad).
In-gel digestion
Coomassie-or silver-stained protein spots were excised and digested with trypsin (Promega, Madison, WI, CA, USA). After washing three times for 40 min with 100 mL 50 m M ammonium bicarbonate and 50% methanol, the gel pieces were dried and swollen in digestion buffer (20 m M ammonium bicarbonate and 40 ng/mL trypsin), and incubated at 377C for 16 h. Peptides were extracted twice by 20 min incubation in 35 mL of 50% ACN in 0.1% TFA. The resulting peptide extracts were pooled, concentrated in a vacuum centrifuge and stored at 2207C.
Mass spectrometry analysis
Dried samples were dissolved in 10 mL of 30% ACN and 0.1% TFA. Equal volumes (0.5 mL) of peptide and matrix solution were mixed and crystallized on the sample plate.
The matrix solution consisted of 3 mg CHCA dissolved in 1 mL of a solution containing 50% ACN and 0.1% TFA. Peptides were analyzed with the Applied Biosystems 4700 proteomics analyzer (Applied Biosystems, Framingham, MA, USA) with TOF/TOF ion optics. MS spectra were obtained in reflectron mode using an acceleration voltage of 1 kV. Desorption and ionization was performed with an Nd:YAG laser operating at 355 nm, and the final mass spectrum was produced by averaging 3600 laser shots. The products of trypsin autodigestion were used for internal calibration. All MS/MS sequencing analyses were performed using the same equipment.
Protein identification using the Drosophila database
The first step in protein identification consisted of mass fingerprinting. The monoisotopic peptide mass fingerprinting data obtained from MALDI-TOF were then used to search for candidates in the Swiss-Prot/TrEMBL nonredundant protein database (http://us.expasy.org/tools/peptident.html).
Results
General pattern of protein synthesis in
Drosophila wing imaginal discs Figure 1A shows a wing imaginal disc of a wild-type third instar larvae of D. melanogaster (strain Vallecas) after dissection. Extensive studies of transplantation of imaginal disc fragments have shown that much of the pattering information needed to make the adult appendages has been elaborated in the disc by the end of the third larval instar; given regions of the disc reproducibly develop into particular parts of the adult appendage [14] . These studies have given rise to fate maps in which the spatial pattern of the adult appendages can be projected back onto the disc. Figure 1B 
The protein pattern of Schneider cells
Cultures of Schneider cells were labeled with [ 35 S]methionine 1 [ 35 S]cysteine for 2 h as described in Section 2.1. Polypeptides were separated on 2-D gels and analyzed with the PDQUEST  software. A total of 824 polypeptides (608 acidic (IEF) and 216 basic (NEPHGE)) were identified, numbered and quantified as described in Section 3.1 for wing imaginal discs. We compared the Schneider 2-D pattern with our wing imaginal discs database and also ran samples containing a mixture of wing imaginal discs and Schneider cells. From these comparisons we concluded that the two systems have 634 polypeptides in common (461 IEF and 173 NEPHGE), and 190 polypeptides (147 IEF and 43 NEPHGE) were detected only in the Schneider cells. Although it is beyond the scope of this study to give a detailed comparative analysis of the two systems, it should be emphasized that there were appreciable differences in the levels of some of the shared polypeptides. Three hundred and sixty-three polypeptides (269 IEF and 94 NEPHGE) were expressed at similar levels in the two systems, whereas 197 polypeptides (152 IEF and 45 NEPHGE) were more highly expressed (at least two-fold) in the Schneider cells, and 74 polypeptides (40 IEF and 34 NEPHGE) in the discs. The shared polypeptides were of most interest to us, and Fig. 2 reproduces a small region of the IEF gels of wing imaginal discs ( Fig. 2A ) and Schneider cells ( Fig. 2B) in which it is possible to see some of the shared polypeptides.
Isolation of proteins for MALDI-TOF
We took advantage of the shared proteins to isolate sufficient amounts of some of them to perform MALDI-TOF analysis of their tryptic peptides. After calibration with Coomassie blue stained 2-D gels, we ran preparative gels with precise amounts of polypeptides from the Schneider cells together with small amounts of [ 35 S]-labeled polypeptides from wing imaginal discs. The gels were stained with Coomassie or silver nitrate, dried and exposed to X-ray film. The autoradiograms displayed only spots derived from the wing imaginal discs, but large amounts of comigrating unlabeled proteins derived from the cell line. We then ran new preparative 2-D gels and after staining picked some of these spots and subjected them to in-gel digestion with trypsin followed by MALDI-TOF analysis. We were able to identify 100 spots from the preparative gels (81 acidic and 19 basic) in the database. In all the cases analyzed we could confirm the information obtained from the peptide mass fingerprinting by MS/MS using MALDI-TOF/TOF. A total of 417 MS/MS spectra were analyzed. All the wing imaginal discs proteins identified in this study are listed in Tables 1 and 2 ordered by SSP number. Molecular weight, pI, names, identified sequence tags, abundance relative and Flybase accession numbers are also included. Figure 3A shows, as an example, the MALDI-TOF spectrum of the tryptic digest of acidic polypeptide SSP 3303 identified as enolase (EC 4.2.1.11) and Fig. 3B reproduces a detail of the fragmentation spectrum of peak 1764.91 corresponding to polypeptide AAVPSGASTGV-HEALELR. 
Discussion
This study is part of a major effort in our laboratory to monitor developmental changes in Drosophila polypeptides involved in cell proliferation and differentiation. We have shown previously that the quantitative 2-D wing imaginal disc database can be used to detect differences in the protein patterns associated with specific mutations and stages of development. The limiting factor in such studies is identification of the polypeptides of interest, which is almost impossible using only wing imaginal discs as material. We considered this problem ten years ago but the circumstances then were unfavorable as the Drosophila genome had not yet been sequenced and classic Edman degradation was the only available approach for identifying polypeptides [15] . Peptide mass fingerprinting by MALDI-TOF MS is an excellent technique for identifying proteins in 2-D gels, especially in the case of well-defined genomes such as that of Drosophila.
In the present work we have used the Schneider cell line as our source for purifying some wing disc proteins, taking advantage of the possibility of obtaining large numbers of cultured cells. This cell line is stable and has no tendency to differentiate morphologically during serial passage. It may express a set of differentiated functions characteristic of a cell type normally found during some stage of Drosophila development beyond that of the original cell line, or its gene expression pattern may have no counterpart in normal development. Regardless of its present state, the cell line was found to share more than 600 polypeptides with the wing imaginal disc. The present experimental approach has enabled us to identify 100 spots by PMF, and to identify them from their MS/MS spectra. We determined a total of 417 internal sequences. Tables 1 and 2 list the polypeptides identified in the database and include the corresponding accession numbers in the Drosophila genome database (http//flybase.bio.indiana.edu), which is possibly the most complete currently available database of a eukaryotic organism, in which one can find extensive genetic and molecular information about each polypeptide.
The 100 identified polypeptides represent 6.7% of the 1492 polypeptides recorded in the database. As the database is quantitative, the 81 polypeptides identified in the acidic gels (IEF) constitute 16.9% of the 'counts' of the database. Tubulin alpha chain (SSP 7507) is the major polypeptide with 4401 cpm while CG 1354 (SSP 1414) is the rarest, with 82 cpm. In the basic gels (NEPHGE), the 19 polypeptides identified constitute 13.7% of the counts loaded on the gel with cyclophilin (SSP 1004) the major one with 7310 cpm and Tudor (SSP 5201) the most minor, with 471 cpm. Tables 1 and 2 also include the abundances of all the identified polypeptides relative to the sum of the radioactivity in all the spots of the gel. We loaded 10 6 cpm on the IEF gels and recovered 644 000 cpm in the total of 1226 acidic spots detected, while on NEPHGE gels we recovered 242 000 cpm in the 266 spots detected. Taken together these data indicate that we detected in our database practically 90% of the radioactivity applied to the gels.
The genes encoded the detected polypeptides mapped over the four Drosophila chromosomes in proportion consistent with the chromosome size: 47 polypeptides on chromosome 2, 37 on chromosome 3, 15 on the X chromosome and only one on chromosome 4. All cellular organelles were represented in the subcellular location of the identified polypeptides. Our data thus validate the methods of sample preparation and extraction used. Mitochondria are the organelles most highly represented with 11 polypeptides identified.
In most cases analyzed the experimental pI and M r values were in good agreement with the theoretical values for the proteins identified. Only four spots showed significant discrepancies in their isoelectric points. Thus the acidic proteins SSP 0024 and SSP 0410 whose theoretical pI values are 8.69 and 8.22 respectively, appeared at the basic end of the IEF gels, with experimental pI values near 7.0. Similarly the basic polypeptides SSP 5201 and SSP 7502 with theoretical pI values of 6.44 and 6.10 respectively, appeared at the acidic end of the basic gels, with experimental pI values of 7.5. We detected no protein fragments; in each case the identified spots corresponded to a full-length polypeptide. In certain cases the same protein was found in several spots. Such multiple spots could stem from highly similar isoforms, or post-translational modifications. Three instances where two spots contained the same polypeptide were detected in the acidic gels: polypeptides SSP 5406 and SSP 6401 were identified as CG 8983 (Erp60), and polypeptides SSP 8204 and SSP 8209 as annexin IX. Finally, polypeptides SSP 9102 and SSP 9106 were identified as 14-3-3 & Epsilon. The proteins identified in this study cover a wide spectrum of biological functions. For example, 15 are involved in biosynthetic pathways (two in amino acid, three in nucleic acid, seven in carbohydrate and three in lipid metabolism), and 14 are enzymes involved in aspects of energy generation (10 glycolysis, one pentose phosphate, and three tricarboxylic pathway). We also identified five proteins involved in protein synthesis, and six in signal transduction. For example, SSP 3105 IEF was identified as CG1803, a polypeptide homo- logue of regucalcin that is involved in calcium-mediated signaling and in anterior/posterior axis specification in Drosophila. In addition we identified five cytoskeletal proteins, six in the proteasome and four in the chaperonin T-complex.
Concluding remarks
The major benefit of this study is to increase the number of identified proteins in the database so that those proteins that change when the database is used for comparative purposes
in developmental or morphogenetic studies can be identified. For example some time ago we used the wing database to evaluate changes in the pattern of protein synthesis in the wing imaginal discs of Drosophila mutants with abnormal wing disc development [8] . At that time it was impossible to identify any of the polypeptides of interest; these could only be identified by their coordinates. Now we are able to say that one of those spots, SSP 7108 IEF, has been identified as ubiquitin C-terminal hydrolase (Uch-L3). That protein appears to be phosphorylated in the tumor suppressor mutants analyzed. It is in this kind of application that the database promises to be most useful.
Using preparative comigration gels of Drosophila wing imaginal discs and Schneider cell proteins, we believe that it should be possible to identify at least 300 proteins on 10-12 preparative gels. This effort is underway, together with characterization of the nuclear and mitochondrial subproteomes. The availability of sequence information for such a large proportion of the proteins observed in 2-D gels should enhance the usefulness of the 2-D gel database, and will be helpful in subsequent studies of Drosophila development and morphogenesis.
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